Introduction {#sec1}
============

Currently surgical treatment of pectus excavatum by the classical Ravitch method has mostly been replaced by the more efficient and minimally invasive Nuss procedure. Although a comparable rate of good cosmetic results in the two corrective methods was reported, the Ravitch procedure is characterized by greater surgical extent \[[@cit0001]--[@cit0005]\]. However, in some patients especially with advanced or asymmetrical deformities a satisfactory postoperative effect may be difficult to achieve using the Nuss procedure alone \[[@cit0006], [@cit0007]\]. In previous reports many modifications of Nuss procedures with modelling of the corrective bar properly to the shape of the chest were described \[[@cit0007], [@cit0008]\]. However, these modelling techniques are effective mainly in younger patients, whereas in adults they may be insufficient because of the rigid and hard chest. Hence these two operative methods (the Nuss procedure and Ravitch procedure) can be combined in one procedure to improve the corrective effect.

Aim {#sec2}
===

In this study we analysed the early and late results of surgical treatment of asymmetrical pectus excavatum using complex surgery combining the Ravitch procedure and the Nuss procedure in the same general anaesthesia.

Material and methods {#sec3}
====================

In 80 out of 938 patients who between 2002 and 2013 were operated on for pectus excavatum at the Department of Thoracic Surgery in Poznan, a complex corrective operation combining the Ravitch method and Nuss method was performed. The entire study group consisted of 67 (84%) males and 13 (16%) females with age ranging from 11 to 49 years (medium: 19.2 ±7.1). Ten (13%) patients suffered from comorbidities, of which mitral incompetence (*n* = 2), bronchial asthma (*n* = 2), epilepsy (*n* = 2) and congenital renal defects repaired after birth (*n* = 2) were the most frequent. The other coexisting diseases (advanced scoliosis and Marfan syndrome) concerned single patients.

Prior to the surgery subjective and objective clinical evaluation was performed in all patients. The chest deformities were assessed in terms of the size, symmetry as well as primary and secondary feature. The size of the deformity was evaluated by the Haller Index calculated based on chest X-rays in two projections -- posterior-anterior and lateral view. The Haller index is a quotient of the longest transversal diameter of the inner side the chest and the shortest distance between the posterior surface of the sternum and anterior surface of the vertebra. Asymmetrical deformity was defined when the lowest point of the sternal depression was located outside the medium line of the chest. Secondary deformity concerned those patients in whom an unsuccessful corrective procedure mostly using the Ravitch method was previously performed. Prior to the surgery routine blood tests, chest X-ray (posterior-anterior and lateral view), spirometry and electrocardiography were evaluated in all patients. Chest computed tomography (CT) scan or echocardiography was performed only in a patients with advanced asymmetrical or secondary deformities. Clinical characteristics of deformity and preoperative factors are presented in [Table I](#t0001){ref-type="table"}.

###### 

Characteristics of pre- and perioperative factors

  Parameter                    *N* = 80
  ---------------------------- ----------------------------
  Age \[years\]                19.17 ±7.1 (11--49)
  FEV~1~%                      93.95 ±14.11 (52.3--122.9)
  FVC%                         87.57 ±12.50 (52.4--116)
  Preoperative Haller Index    3.86 ±1.18 (2.2--10.7)
  Operative time \[min\]       150.2 ±42.13 (45--310)
  Postoperative Haller Index   2.63 ±0.56 (1.54--4.96)
  **Parameter**                **Percentage (number)**
  Gender (male)                83.7% (67)
  Secondary deformity          7.5% (6)
  Clinical symptoms:           38.7% (31)
   Pain in chest               11.2% (9)
   Shortness of breath         32.5% (26)
  Coexisting diseases          12.5% (10)
  1 implemented bar            43.7% (35)

Surgery was performed in general anaesthesia with a single tracheal tube by a modified method first described in 1998 by Nuss *et al.* \[[@cit0009]\]. Additionally the epidural continuous infusion of 0.25% bupivacaine at the level of Th5/Th6 was carried out in all patients and was continued for the 2 following postoperative days. The corrective procedure consisted of retrosternal insertion of a stainless steel bar (BBH Mikromed Ltd) modelled according to the shape of the deformity through two small symmetrical wounds in the mid axillary line under control of bilateral videothoracoscopy. The hinged points, defined as entry and exit points of bar insertion through the intercostal spaces, were chosen with respect to the type and shape of the deformity as described by Park *et al.* \[[@cit0008]\]. Additionally, a short stabilizer was inserted on one, usually the left end of the lower bar, to prevent its postoperative rotation. The stabilizer as well as the remaining end of the bar was fixed to the rib by resorbable sutures. The length and number of the implemented bars were selected according to the size of the deformity. One bar was inserted in 35 patients while two bars were implemented in 45 patients. A chest tube was routinely inserted into the right pleural cavity for the 2 following days in all patients. In case of an unsatisfactory corrective effect after the Nuss procedure or in case of instability of the bar threatening its rotation, an additional Ravitch procedure was started. The deformed parasternal costal cartilages were resected subperichondrally on both sides of the sternum by a skin incision the length of the deformity in the midline. Afterward, shortened and sharpened in arrowhead shape ends of the costal cartilages were fixed by nonabsorbable sutures to the lateral surface of the sternum which previously had been placed on the corrective bar. In patients in whom primarily insertion of the corrective bar was impossible or dangerous because of rigid or greatly advanced deformity, the Ravitch procedure was performed first to decompress the retrosternal space. In the final stage of the operation the chest tube was inserted into the right pleural cavity. If pneumothorax developed after chest tube removal, incentive spirometry was begun. In those patients with pneumothorax who had symptoms of dyspnoea limiting postoperative activity and rehabilitation, the chest tube was inserted to the pleural cavity. In case of massive pleural effusion or haemothorax accompanied by shortness of breath or fever, pleural drainage was used. Otherwise, the fluid was removed by single or repeat pleural tap.

All patients were observed on an outpatient basis at 1, 3, 6, 12 and 24 months after primary surgery and at 1 and 12 months after bar removal. The corrective bars were electively removed in general anaesthesia 3 years after primary surgery.

Satisfactory surgical result was defined when the sternum was in the correct position on lateral chest X-ray and repeat surgery was not needed or the postoperative Haller index was less than 3.0, the patient returned to full preoperative daily activity without discomfort or malfunction and the corrective effect was fully accepted by the patients. Otherwise the surgical results were defined as unsatisfactory.

Results {#sec4}
=======

The time of operation ranged from 45 to 310 min. Two corrective bars were more often implemented among the patients ([Tab. I](#t0001){ref-type="table"}).

No mortality was observed in the early 30-day postoperative period. Early postoperative complications, in the majority of cases non-life-threatening and transient, affected 50% of our patients.

Among all early postoperative complications pleural effusion, affecting 23% of patients, was the most frequently observed. In majority of those patients the repeat pleural tap was performed to remove pleural fluid. However, pleural drainage was also needed in the remaining 3 patients.

The second most common postoperative complication was pneumothorax, which occurred in 16 (20%) patients. However, only 2 of those patients required pleural drainage. In the remaining 14 patients pneumothorax resorbed spontaneously without need of surgical interventions. All postoperative complications are presented in [Table II](#t0002){ref-type="table"}.

###### 

Early, 30-day postoperative complications and corrective effect

  Parameter                                  *N* = 80
  ------------------------------------------ ------------
  Total complications:                       55.0% (44)
  Pneumothorax                               20.0% (16)
  Haemothorax                                12.5% (10)
  Pleural effusion                           22.5% (18)
   Pleural tap:                              26.2% (21)
    Haemothorax                              7
    Pleural effusion                         14
   Additional pleural drainage:              10.0% (8)
    Pneumothorax                             2
    Haemothorax                              3
    Pleural effusion                         3
   Fever \> 48 h                             7.5% (6)
   Postoperative wound infection             10.0% (8)
   Recurrent deformity                       7.5% (6)
   Repeat surgery:                           11.2% (9)
    Recorrection                             6
    VATS (bleeding into the pleural space)   2
    Revision of infected wound               1
  Satisfactory corrective effect             87.5% (70)

The corrective bars were removed in all our patients between 8 and 59 months (mean: 34.5 ±8.3). In 1 patient the corrective bars were removed earlier, 8 months after primary surgery, due to persistent severe pain in the chest limiting daily activity.

A satisfactory and stable corrective effect concerned 88% of our patients. However, in 6 out of 9 patients who required repeat surgery, re-corrective procedures using the Ravitch method were performed because of an unsatisfactory cosmetic effect after complex surgery. In the 2 other patients repeat surgery using video-assisted thoracic surgery (VATS) and following transfusion of 2 units of blood was required due to postoperative bleeding from the pleural cavity and subsequent anaemia. Moreover, in 1 other patient, postoperative revision of the infected postoperative wound in the midline with debridement of necrotic tissue and removal of the sutures was performed ([Tab. II](#t0002){ref-type="table"}).

Discussion {#sec5}
==========

By the end of the last century the surgical method described in 1949 by Ravitch was the standard treatment of pectus excavatum \[[@cit0010]\]. Numerous modifications of that surgical technique were developed mainly to search for the best internal or external sternal stabilisation to achieve stable correction of the chest. However, despite these sophisticated operative techniques, recurrence after the Ravitch procedure in various reports ranged from 2% to 39% of patients \[[@cit0005], [@cit0011]\]. The most prominent reasons for unsuccessful postoperative results after the Ravitch procedure were as follows: coexisting Marfan syndrome, too young patients' age, ineffective internal stabilisation, great surgical extent (necessity of costal cartilages' resection and sternal osteotomy), disfiguring operative wound, and high percentage of postoperative anaemia requiring blood transfusion \[[@cit0001], [@cit0011], [@cit0012]\]. The Nuss procedure, which is devoid of these disadvantages, almost replaced the previously common traditional method of Ravitch and become globally accepted, mostly because of its simplicity, safety and effectiveness. Although the comparable frequency of good corrective effects after both of these surgical methods was previously reported, the Nuss procedure is usually ineffective in patients with asymmetrical deformity \[[@cit0002], [@cit0004]--[@cit0006], [@cit0013]\]. Those observations led to combination of both those surgical techniques into one procedure to achieve the best and the most stable correction.

We presented the results of complex surgical correction combining two methods -- the Ravitch procedure and Nuss procedure -- in treatment of patients with asymmetrical anterior chest wall deformities. This complex surgery usually concerned patients with a rigid and hard chest or those with a rotated sternum. The additional indication to use the complex procedure was instability of the corrective bar or high risk of its rotation. In the majority of our patients the ultimate decision to use the additional Ravitch procedure was made intraoperatively. Prior to the surgery each patient was informed about a possible complex operation and signed the consent form. In a few patients in whom the primary insertion of the corrective bars according to the Nuss procedure was dangerous due to rigidity of the chest, the sternum and costal cartilages were realized and elevated first to facilitate retrosternal insertion of the corrective bar. Afterward, the Ravitch procedure was performed. In this way the sternum was embedded on scaffolding of the bars.

Park *et al.* reported good corrective results of the Nuss procedure in asymmetrical deformities using different techniques of bar modelling with respect to the shape of the chest and proper choice of the hinge points. The authors limited the indications to surgery to the youngest age groups \[[@cit0008]\]. In our opinion this management may be successful only in younger patients in whom the soft and flexible chest allows a good corrective effect to be achieved. In contrast, in adult patients, due to the rigid and hard asymmetrical chest, despite the sophisticated technique of bar modelling, spontaneous correction of the rotated sternum is usually unsuccessful. In those patients simple elevation of the sternum does not lead to expected corrective improvement and still the uncorrected chest deformity is left. That is why, in our opinion, the use of the additional Ravitch procedure is the only way to achieve good corrective results and not only decompress the mediastinum. In our study a high percentage of satisfactory corrective results was achieved by the use of a complex procedure. However, in 10 of our patients the corrective effects were unsatisfactory. In 6 of those patients a re-corrective operation using the Ravitch method was performed. The other 4 patients did not agree to redo surgery despite unsuccessful primary correction.

The additional Ravitch method allows one to accomplish good correction of the chest as well as derotation and stability of the sternum.

Two bars were most often implanted in our patients. These two corrective bars were used not only to elevate the anterior chest wall but also to correct the upper part of the chest as well as to evenly distribute the pressure forces on the chest. It should be emphasised that the Nuss corrective bar provides much better support for the corrected anterior chest wall by the Ravitch method than implants used in previous modifications (e.g. Adkins strut) \[[@cit0014]\].

Early 30-day postoperative complications occurred in half of our patients. Most of the complications were transient and non-life-threatening. The frequency of postoperative complications in our study was higher than rates reported after the Nuss procedure (ranging from 8 to 49%), but comparable to those after the Ravitch procedure (ranging from 25 to 57%) \[[@cit0002], [@cit0015], [@cit0016]\]. Although most of the postoperative complications were transient, 2 of our patients experienced serious postoperative bleeding from the pleural space which required repeat surgery. In our opinion postoperative bleeding is directly related to surgical extent and may derive from intracostal as well as from mammary artery injuries. The routine intraoperative use of VATS allows one to avoid injury of the mediastinum and lung, but it does not prevent bleeding from the parasternal region after the invasive Ravitch procedure.

Among total number of the early postoperative complications the pleural effusion concerning 23% of our patients was predominant and in all of those patients with pleural effusion required additional procedures -- pleural tap or, less frequently, pleural drainage. Pleural effusion may result from persistent or organised haemothorax, partial atelectasis of the lung or allergic reaction to the corrective bar or chest tube. After single removal of the fluid no recurrence of the pleural effusion was observed.

Postoperative pneumothorax occurred in 20% of our patients; however, in the majority it resolved spontaneously and did not require additional intervention. Its frequency was similar to that in other reports, ranging from 1% to as high as 64% \[[@cit0017]--[@cit0020]\]. The occurrence of pneumothorax in the early postoperative period could be related to increased volume of pleural space after postoperative elevation of the chest wall or subsequently to connection of both pleural spaces due to bar insertion.

A midline wound infection in the early postoperative period after the Ravitch procedure occurred in 8 patients. The majority of those infections were caused by *Staphylococcus* MSSA. They were superficial and did not penetrate to the bones. Most of the infected wounds were healed by antibiotic therapy. Only in 1 patient did the infection include the sternal bone and require complex surgical debridement and removal of sutures.

Conclusions {#sec6}
===========

A complex corrective procedure is a successful method of surgical treatment in patients with asymmetrical pectus excavatum and is characterized by satisfactory postoperative results. The use of corrective bars enhances the cosmetic effect. The frequency of early, mostly non-life-threatening postoperative complications after the complex procedure is insignificantly higher than that after the Nuss procedure.
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